Laryngeal nerve injury, resulting in speech and swallowing dysfunction, is a feared complication of thyroid operations. Routine visualization of the recurrent laryngeal nerve (RLN) has decreased the likelihood of nerve injury, and intraoperative nerve monitoring has been applied in the hope of further enhancing safety.
INTRODUCTION
Despite Samuel Gross' 1848 admonition that thyroid surgery is 'so foolhardy as to undertake. . . no honest and sensible surgeon would ever engage in it,' contemporary thyroid operations have become common and well tolerated. This is a tribute to a better understanding of anatomy and physiology, and to advances in techniques, technology, and anesthesia. Nevertheless, nerve injuries may still cause speech and swallowing dysfunction. As a result, intraoperative monitoring of the recurrent (inferior) laryngeal nerve (RLN) and of the external branch of the superior laryngeal nerve (EBSLN) has been proposed to limit the likelihood of postoperative harm.
LARYNGEAL NERVE ANATOMY
The RLN ordinarily derives from the vagus nerve in the thorax. On the left side, the RLN loops beneath the aorta at the ligamentum arteriosum, and ascends superiorly in the tracheoesophageal groove [1] . The shorter right RLN courses around the subclavian artery and often does not reach the tracheoesophageal groove until near the cricothyroid muscle [1] . The RLN typically passes between the parathyroid glands, with the inferior parathyroids residing superficial to the nerve and the superior glands being situated deep to the nerve. Furthermore, the RLN is generally found between the superior parathyroid gland and the tubercle of Zuckerkandl. In approximately 0.7-1% of humans, the right RLN directly branches from the vagus nerve at the level of the thyroid and does not 'recur' about the subclavian artery. This variant is called a nonrecurrent laryngeal nerve (NRLN) and occurs in the setting of anomalous aortic arch development that results in a retroesophageal right subclavian artery [1,2 & ]. A more common anatomic variant is a branching RLN, in which motor and sensory branches separate before entering the larynx or esophagus. This condition occurs in 35-80% of nerves, and the motor branch is the medial one [1]. When RLNs branch, they most commonly do so as bifurcations (66-88%), then trifurcations (12-26%) or more than three branches (0-8%) [3, 4] . The motor branch of the RLN innervates all of the intrinsic muscles of the larynx except the cricothyroideus, which is innervated by the EBSLN. About one-quarter of the motor fibers in the RLN are dedicated to vocal fold abduction via the posterior cricoarytenoid muscle [1].
LARYNGEAL NERVE INJURY
Nonsurgeons generally regard harm to the RLN and EBSLN as being the result of an inadvertent transection, but this irreversible action is unusual [5] . The most common mechanism of injury is actually related to traction along the nerve during manipulation of the thyroid gland, especially near the ligament of Berry, where the nerve is most fixed [1] . Nerve damage may be temporary or permanent, depending on the mechanism and degree of trauma. One study attributed 46% of temporary RLN injuries to traction, 28% to compression, and 11% to transection; conversely, permanent injuries were universally due to transection [6] . Porcine models have demonstrated that traction disrupts the epineurium and perineurium, whereas electrocautery, clamping, and obviously transection affect the endoneurium. The latter group is less likely to recover function [7,8 & ].
Temporary nerve damage is more common (2.0-5.1%) during an index operation than is permanent RLN disruption (0.6-1.0%) [5,9,10 && ,11]. However, the likelihood of harm substantially increases with neck re-explorations, when rates may be as high as 10.8% [12] . Unilateral RLN injury may cause an ipsilateral vocal fold paresis (weakness or partial paralysis) or complete paralysis, resulting in hoarseness and difficulty with speech and swallowing. Although many patients report transient post-thyroidectomy alterations in voice and swallowing, laryngoscopy does not reveal vocal fold pareses in most of these patients. Conversely, not all patients with laryngoscopic proof of vocal fold paresis necessarily manifest significant symptoms [1]. One study found that 31% of patients had vocal fold disturbances after thyroidectomy, but only 6.6% had an actual paresis, suggesting that other aspects of care, including endotracheal intubation, may induce some laryngeal harm and voice changes [13] . Another cause of postoperative speech dysfunction is damage to the EBSLN, which is associated with diminished pitch, voice fatigue, and other subtle voice changes that may be imperceptible to the surgeon [14] . Injuries to the EBSLN do not cause laryngoscopic findings that are nearly as obvious as those involving the RLN [14] . As a result, EBSLN deficits after thyroidectomy are likely underdiagnosed, and their incidence ranges from 0.1 to 11%. [11, 14] . A common complaint after thyroid surgery regards swallowing dysfunction, reported by 1.4-56.6% of patients [11,15 & ]. Although the mechanism of this problem is likely to be multifactorial, laryngoscopy may reveal stasis of food in the oropharynx and hypopharynx [16 & ]. Bilateral RLN paralysis is the most feared complication of thyroidectomy. The RLN controls the tone of the vocal folds, and injury to both nerves can result in medially disposed vocal folds obstructing the airway. One investigation determined that the incidence of bilateral RLN injury among 14 934 patients was 0.6%, with half of those (0.3%) requiring a tracheostomy [11] . Other rare consequences of RLN injury may not be fully appreciated. For example, a traumatic schwannoma of the RLN has been described after a completion thyroidectomy [17] .
Techniques to protect the nerves during thyroidectomy have evolved over the decades. Early practices did not commonly identify the RLNs. Although routine exposure of the nerve was proposed in 1938, this philosophy did not immediately become popular due to concerns that the added dissection might actually be more disruptive [18, 19] . Before visualization of the RLN constituted standard practice, the temporary paralysis rate was
KEY POINTS
The recurrent laryngeal nerve should be routinely exposed during thyroid operations.
Intraoperative nerve monitoring may supplement nerve visualization, but it is most useful in higher-risk situations, such as reoperations, challenging dissections (e.g. large goiters, invasive tumors, and perhaps extensive lymph node dissections), contralateral RLN injuries, nonrecurrent laryngeal nerves, and branching recurrent laryngeal nerves.
Traction injury is the most common cause of nerve injury in thyroid surgery, and continuous intraoperative nerve monitoring may prevent this type of damage.
Intraoperative nerve monitoring can identify the external branches of the superior laryngeal nerves in many cases and may help preserve this nerve.
about 21%, and the permanent rate was 7%. Once routine visualization of the nerve became standard, permanent RLN paralyses decreased to 3.8% [20] . Even though the nerve surface is exposed, surgeons try to avoid circumferential dissection and mobilization of the nerve, which can disrupt the perfusion of the nerve and put if at greater risk of traction injury or transection.
INTRAOPERATIVE NERVE MONITORING TECHNIQUES
Intraoperative nerve monitoring (IONM) was introduced during the 1960s and has become popular despite limited evidence about its value in preventing nerve injury [19] . A probe that transmits current with low amperage directly stimulates the nerve in question, and the response of the innervated muscles is evaluated. Stimulation of the EBSLN is readily detected by visible contraction of the cricothyroid muscle. On the contrary, stimulation of the RLN induces a vocal fold response that can be either palpated, or observed, or detected by electromyography (EMG). The first technique relies upon palpation of laryngeal movement and is operator-dependent. Direct laryngoscopy during a thyroid operation is impeded by the presence of an endotracheal tube, although this method becomes practical with a laryngeal mask airway. Commercially available EMG-based models enlist electrodes attached to the endotracheal tube to detect thyroarytenoid muscle movement. Regardless of the system, IONM is an adjunct to proper surgical technique, including regular identification of the RLN.
Most IONM systems involve periodic stimulation of a nerve to confirm its integrity. Another method uses continuous stimulation throughout the operation. The electrode is often attached to the vagus nerve. Of course, this requires dissection within the carotid sheath and circumferential exposure of the vagus, which may carry a small element of harm [21] . With continuous IONM, any disturbance, including slight traction, should be detected by the EMG, allowing the surgeon to respond accordingly [21] . A study comparing continuous vs. intermittent IONM established similar rates of abnormal EMG signals during thyroid operations (2.6 vs. 2.3%, respectively). No permanent RLN palsies developed after continuous monitoring, whereas the incidence was 0.4% with intermittent IONM [22 && ]. The majority (82%) of EMG changes on the continuous system were reversible, suggesting that continuous IONM allows reaction to abnormal signals, perhaps avoiding RLN paralysis [22 && ].
Many thyroid surgeons have adopted IONM. A survey by the American Head and Neck Society in 2010 revealed that 38% of responding surgeons always use IONM, whereas 28% of them sometimes practice IONM [23] . This study found higher utilization rates among otolaryngologists and younger surgeons [23] . A survey of otolaryngology and general surgery residency program directors demonstrated that 81% of the former and 48% of the latter services use IONM [24] . According to this survey, general surgeons more commonly use IONM to locate the nerve, whereas otolaryngologists are more inclined to monitor the nerve throughout the operation [24] . Otolaryngologists are also more likely to acknowledge using IONM for medicolegal purposes (40%) than are general surgeons (8.3%) [24] .
ANESTHESIA CONSIDERATIONS
Intraoperative nerve monitoring requires coordination among surgeons and anesthesiologists. For example, the vocal folds are most commonly monitored during thyroid operations using either laryngoscopy or a special endotracheal tube. A laryngeal mask airway and fiberoptic video laryngoscope successfully monitored the vocal folds in 95% of cases [25] . However, this method resulted in upper airway obstruction in 5% of patients due to supraglottic edema or laryngospasm [25] . Use of an endotracheal tube outfitted with electrodes also requires special considerations. The patient should be secured in the position that will be maintained during the operation to assure that the electrodes do not migrate [26 & ]. Visualization of the exposed electrodes relative to the vocal cords is possible with direct or video laryngoscopy, and some systems permit measurement of electrical impedance to confirm appropriate placement of electrodes [26 & , 27 & ]. A properly placed tube will demonstrate small coarse waveforms between 30 and 70 mV on the monitoring channels when anesthetics are reduced [27 & ]. A study of 55 patients discovered that half of endotracheal tubes were improperly placed when this respiratory variation was absent [27 & ]. The delivery of a large goiter may also alter apposition of the endotracheal tube electrodes to the vocal folds. When troubleshooting an IONM system for the loss of signal, especially when suspicion of a nerve disruption is quite low, electrode placement confirmation is paramount [26 & ]. Endotracheal tubes used for IONM are constructed with a thick wall to accommodate the electrodes and their insulation, creating larger external diameters. As a result, care must be taken upon selecting and inserting these tubes to prevent direct trauma to the vocal folds, as intubation itself may cause laryngeal complications [13] . Beyond direct trauma to the vocal folds, the endotracheal tube balloon can also impart harm to the RLN from within the tracheal lumen by compressing the nerve between the thyroid cartilage and either the arytenoid or cricoid cartilage, especially in children [28] . When using endotracheal tubes with embedded electrodes, many surgeons and anesthesiologists choose a tube that is one size smaller than what would ordinarily suffice.
Another consideration for anesthesiologists during the use of IONM is when to use muscle paralytics. Long-acting agents are generally avoided to prevent drug-induced nonresponsiveness to IONM [26 & ]. One study that randomized thyroidectomy patients to receive escalating amounts of rocuronium demonstrated that IONM standards were not met at higher dosages [29 & ].
VALUE OF RECURRENT LARYNGEAL NERVE STIMULATION
Many surgeons exclusively stimulate the RLN during thyroid surgery, but stimulation of the vagus nerve demonstrates the integrity of the entire neural circuit. A porcine model revealed that stimulation distal (closer to the larynx) to a RLN transection injury still resulted in an electronic signal [30] . Therefore, a surgeon could be deceived about a nerve's function if an injury is located more proximally [30] . ]. There are conflicting data about the utility of monitoring the RLN during thyroid operations. A meta-analysis of 36 487 RLNs at risk showed (with postoperative laryngoscopy) that monitoring slightly decreases the rate of temporary injury [2.56% with IONM vs. 2.71% without IONM; odds ratio (OR) 0.80; 95% confidence interval (CI) 0.65-0.99], but did not quite reach significance for permanent injury (0.78% with IONM, 0.96% without IONM; OR 0.80; 95% CI 0.62-1.03) [9] . Alternatively, a retrospective analysis of a Nationwide Inpatient Sample of 243 527 thyroidectomies between 2008 and 2011 found that IONM was actually associated with higher rates of RLN injury (1.9% with IONM, 1.4% without IONM) [32], although the methodology has several limitations [33 & ]. Another meta-analysis of 35 513 nerves at risk showed no difference between IONM and visualization alone [34] . Although it is unclear if IONM can effectively prevent injury to the RLN, IONM reliably detects nerve disruption. A decrease in IONM amplitude of greater than 61% during thyroidectomy is predictive of vocal fold paralysis, with a sensitivity of 89% and specificity of 95%; a decrease in amplitude of greater than 87% favors permanent paralysis [35 & ]. Even if IONM does not prevent RLN injury during thyroid operations in general, it may have more distinct value in certain circumstances, including large goiters and invasive malignancies. With RLN injury rates as high as 10.8% among patients undergoing central neck re-explorations, due to scar tissue confounding laryngeal nerve identification, IONM may be particularly beneficial to these patients [6, 12] ]. Monitoring can identify motor branches of the RLN and potentially avoid injury to small branches. These circumstances obviously cannot be foreseen, prompting some surgeons to empirically use IONM during all thyroid operations.
EXTERNAL BRANCH OF SUPERIOR LARYNGEAL NERVE
The EBSLN is also amenable to monitoring. This nerve is anatomically variable, and its location on one side of the neck does not predict the course of the contralateral nerve [14] . The EBSLN is often injured when it crosses the superior thyroid artery and meanders among its branches [14] . (Fig. 1) Most nerves cross the artery more than 1 cm from the superior thyroid pole, but for some (17-30%) it occurs within 1 cm of the superior pole, or even on the thyroid capsule (14-20% of nerves) [14] . There may be value to monitoring the EBSLN during thyroid operations because it is at risk in about onethird of patients. Furthermore, IONM produces visible movement of the cricothyroid muscle, and the EMG can be quantified in 80% of cases [39] . In one study, stimulation along the superior thyroid vessels elicited a response from the EBSLN in 37.8% of cases, highlighting its risk of ligation [40] . One assessment of 447 EBSLNs at risk during thyroidectomy identified half of them with IONM, and demonstrated lower waveform amplitudes and latencies than found in RLNs [41 & ]. When EBSLNs were discovered in one side of the neck, 73% of the contralateral EBSLNs were apparent [41 & ]. A prospective randomized trial of 47 patients showed that IONM of the EBSLN improved rates of identification (66% with IONM, 21% without) and resulted in better subjective quality of voice 3 months later [42] . There is less evidence about monitoring the EBSLN than the RLN, but initial results are promising that IONM may prevent insult to the EBSLN.
CONCLUSION
Many studies have evaluated the effectiveness of IONM in preventing RLN injury during thyroid surgery, without affirmation of its value. It is still unclear if the routine use of IONM has reduced nerve injury rates, and further research still may not reconcile matters. RLN injury has such a low incidence that studies have struggled to achieve sufficient power to assess the utility of IONM. Nevertheless, routine visualization of the RLN in all cases significantly reduces the chances of nerve injury, and IONM may play a role in preventing harm, especially in complicated cases such as reoperations or challenging dissections, branching RLNs, NRLNs, and the presence of a contralateral RLN injury. In that these situations cannot always be anticipated, many surgeons advocate IONM for all thyroid operations. Continuous IONM may also prevent the most common traction injuries to the RLN. Early evidence supporting the use of IONM to identify and protect the EBSLN is promising, but more research is needed before this practice becomes widely accepted.
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